C
ytoplasmic calcium serves as a ubiquitous signal for acute cellular activation and for regulation of important cellular processes such as cell growth, division, differentiation, and even cell death and apoptosis. Increases in cytoplasmic calcium or calcium signals can be generated either by release of calcium from intracellular stores or by influx of calcium across the plasma membrane, but commonly by both means. The release of intracellular calcium comes from the endoplasmic reticulum or its specialized counterpart in muscle, the sarcoplasmic reticulum, and is generally signaled by the formation or influx of small mediators such as inositol 1,4,5-trisphosphate (IP 3 ) (1), cyclic ADP ribose (2) , and even calcium itself (3) . Mechanisms for controlling calcium influx are somewhat more varied (4) . Calcium influx can be more directly controlled by the membrane potential (5) or by the binding of extracellular neurotransmitters directly to the channels (6) . Calcium influx can be signaled by second messengers such as cyclic nucleotides (7); however, in the case of receptors coupled to the phospholipase C pathway, the classical messengers of this pathway, IP 3 and diacylglycerol, do not appear to be the primary mediators of activated calcium entry. Rather, in most instances, the signal for entry is somehow derived from the IP 3 -mediated depletion of calcium from intracellular stores, a process called "capacitative calcium entry" or "storeoperated calcium entry" (8, 9) .
Two key issues regarding the mechanism of capacitative calcium entry have been (i) the nature of the signal from the endoplasmic reticulum that activates the channel, and (ii) the molecular identity of the channels themselves. It has been generally thought that the answer to the second question, the molecular identity of the channels, would likely lead to knowledge of the mechanism of signaling. Recent findings suggest that this may indeed be the case. In a report appearing in this issue of PNAS, Boulay et al. (10) provide compelling evidence for the involvement of a member of the TRP family of channel proteins in this signaling pathway, and for signaling activation of the TRP channels through interaction with IP 3 receptors.
Mammalian TRP proteins are homologues of the Drosophila photoreceptor mutants TRP and TRPL. There are at least seven mammalian genes, designated TRP1 through TRP7 (11, 12) . Expression of these genes in various cell lines has resulted in varying patterns of response, including constitutive activity, augmentation of capacitative calcium entry, apparent direct activation by receptors, activation by IP 3 , and activation by diacylglycerol (13) . Thus, despite considerable speculation regarding the function of these proteins in capacitative calcium entry, none of the available evidence directly implicates one or more of these gene products in this pathway in nontransfected cells.
A number of mechanisms of activation of capacitative calcium entry have been proposed. The two major categories of mechanisms include those involving a diffusible messenger (14, 15) and a more direct communication with the endoplasmic reticulum involving interaction of the plasma membrane channels with closely underlying IP 3 receptors (16, 17) . The latter, conformational coupling model was originally proposed by Irvine (16) based on a suggested homology with the coupling that occurs in skeletal muscle between the ryanodine receptor calcium release channels in the sarcoplasmic reticulum and surface membrane (t-tubule) dihydropyridine receptor calcium channels.
In support of the conformational coupling model, recent evidence indicates that the activation of capacitative calcium entry channels requires close physical interactions between endoplasmic reticulum and plasma membrane constituents (18, 19) . There is also recent evidence that TRP3, when exogenously expressed in cells, can be activated by an IP 3 receptordependent conformational coupling mechanism. Kiselyov et al. (20) receptor binding peptides on activation of capacitative calcium entry. The C7 peptide inhibited entry by 25-30%, whether the entry was activated by a phospholipase C-linked agonist or by depletion of intracellular calcium stores with the calcium pump inhibitor, thapsigargin. Likewise, F2l, an interacting subfragment of F2r, inhibited entry by a lesser, albeit significant, degree. Another interacting subfragment of F2r, F2 g, caused slight but significant augmentation of calcium entry. This is potentially interesting given the well documented calcium-dependent negative feedback regulation of capacitative calcium entry (22) . The findings of Boulay et al. are significant because they provide evidence for involvement of a TRP protein in calcium entry in a cell whose TRP and IP 3 receptors have not been manipulated. Similarly, they provide evidence for interaction between TRP and IP 3 receptors in the endogenous cellular mechanism of activation of entry. The findings complement previous work with cells transfected with exogenous TRP proteins that demonstrated a requirement for both IP 3 receptors and IP 3 for activation of TRPcontaining channels (20, 21) .
As pointed out by Boulay et al. (10) , the simplest mechanism by which signaling might occur from depleted calcium stores would involve a calcium-dependent conformational change in the IP 3 receptor. This was first predicted by Irvine (16) , and, subsequently, a number of investigators documented effects of endoplasmic reticulum luminal calcium on IP 3 receptor binding and function (23, 24) . A conformational change in the receptor as calcium levels in the endoplasmic reticulum fall would be transmitted to a TRP component of the store-operated channel, presumably through interaction of C7 and F2r domains.
A major unresolved problem is the role played by IP 3 in this process. Previous studies have clearly demonstrated a requirement for IP 3 to gate these channels (20, 21, 25, 26) . However, it is equally clear that depletion of calcium stores by means that do not involve activation of phospholipase C can induce maximal capacitative calcium entry (cf. ref. 9). A possible solution to this apparent conundrum involves spatial compartmentalization of steps in the signaling process. By analogy with the situation in the Drosophila photoreceptor, phospholipase C may be associated with TRP through mutual interaction with a scaffolding protein, thus creating a spatially compact signaling complex between phospholipase C, TRP, and an IP 3 receptor (27, 28) . Within this spatially restricted domain, IP 3 provided by the basal activity of phospholipase C may be sufficient to satisfy the IP 3 requirement of the receptors that regulate TRP containing channels. In the absence of receptor activation of phospholipase C, IP 3 -metabolizing enzymes would prevent diffusion of IP 3 beyond this spatial restricted compartment, thereby preventing significant depletion of endoplasmic reticulum stores (29) . Thus, IP 3 may be a required but constitutive component of this signaling pathway, but would not usually function as a regulator or activator of entry. The signal for channel activation is the depletion of endoplasmic reticulum stores, the sine qua non of capacitative calcium entry. Fig. 1 depicts a current view of the regulation of capacitative calcium entry channels and the involvement of TRP and IP 3 receptor proteins. In addition to these two key interacting proteins, the model hypothesizes an unknown scaffolding protein involved in assembling the capacitative calcium entry signaling complex. This could be a mammalian homolog of the PDZ-domain protein that fulfils this function in Drosophila, InaD (27, 28, 30) , or possibly SNAP-25 or a similar docking protein (18) . It is likely that we still do not have all of the players in this important signaling mechanisms yet, and we can look forward to a continued assembly of the pathway as additional molecular and cellular constituents are discovered. Model for regulation of capacitative calcium entry channels by IP3 receptors. Agonist activation of a surface membrane receptor (R), perhaps through a heterotrimeric G-protein (G), activates phospholipase C (PLC), leading to the production of the calcium-mobilizing messenger, IP 3. IP3 releases calcium from a critical endoplasmic reticulum store. The fall in luminal calcium in this store causes a conformational change in an IP 3 receptor that interacts with a TRP subunit of the capacitative calcium entry channel, causing it to open. A signaling complex containing the PLC, TRP, and IP 3 receptor may require an as yet uncharacterized scaffolding protein, perhaps similar to InaD. The close spatial arrangement of this signaling complex results in a constant supply of IP 3 from basal PLC activity for the IP3 receptor, such that IP 3 levels are not normally limiting; rather, it is depletion of calcium from the specific intracellular store that provides the critical signal for channel activation.
